Alteration of hemodynamic loading induces remodeling that includes changes in myocardial properties and extracellular matrix structure. We investigated the hypothesis that cardiac hypertrophy due to volume overload produces changes in myocardial diastolic mechanics and stiffness that are in part due to alterations in advanced glycation end-product (AGE) collagen cross-linking. Rats developed volume overload induced by arteriovenous fistula (AVF). To assess the dependence of AGE cross-linking on mechanics, we prevented AGE formation by administering the drug aminoguanidine (AG) to one group of AVF rats (AGϩAVF). Volume overload did not modify collagen concentration. Right ventricular AGE crosslinks were modestly elevated in AVF hearts but were significantly reduced by AG. AVF rats exhibited significantly increased septal AGE cross-links that were inhibited in the AGϩAVF group. AVF-induced increases in left ventricular longitudinal stiffness and septal circumferential stiffness were prevented in AGϩAVF hearts. Volume overload appears to regionally modify AGE collagen cross-linking and stiffness, and AG treatment prevented these increases, demonstrating that AGE cross-linking plays a role in mediating diastolic compliance in volume-overload hypertrophy.
DURING MYOCARDIAL HYPERTROPHY, the heart remodels in response to altered loading, and this remodeling includes changes in ventricular geometry and tissue properties (14) . Volume-overload hypertrophy increases ventricular stiffness (11, 17) without significant changes in collagen content (11, 25) . Collagen plays a significant role in passive cardiac muscle stiffness (21) , and some studies implicate collagen crosslinks as a significant determinant of chamber stiffness in the heart (1, 28) . Previous studies reported alterations in aortic compliance and ventricular chamber stiffness in association with the inhibition of enzymatic collagen cross-linking (6, 19) . Investigators also observed diminished arterial and chamber compliance that correlated with an increase in nonenzymatic glycated collagen cross-links (2, 36) . In addition, there is evidence that myocardial collagen cross-links may be elevated in response to volume-overload hypertrophy (15, 17) .
Collagen formation includes enzymatic processes that create intra-and intermolecular cross-links. However, glucose and other sugars also act as cross-linking agents of the extracellular matrix (ECM). Collagen has a long biological half-life, and the level of nonenzymatic glycosylation, or glycation, increases gradually with aging (3) or in hyperglycemic conditions such as diabetes (24) . Reducing sugars (glucose, fructose, etc.) bond to free protein amino groups and go through a series of reactions to form a class of heterogeneous, nonenzymatic sugar-amino adducts that are called advanced glycation end-products (AGE) (3) . AGE exist in a nonreactive form as an irreversible, intermolecular covalent cross-link with other glucose-modified proteins (5, 34) .
AGE modify and damage tissues in various ways in addition to forming cross-links (34) . These modifications, and the cross-linking actions of AGE, contribute to numerous clinical complications associated with aging, diabetes, atherosclerosis, neuropathy, retinopathy, and renal failure (8, 34) . Therefore, the investigation of disrupting AGE cross-links is of particular interest to the scientific and medical community. Currently, AGE disruption may be achieved either by preventing their formation or by cleaving existing AGE cross-links through specific drug interactions (8) . One example is the compound aminoguanidine (AG), which prevents formation of fluorescent AGE products and the accumulation of AGE collagen cross-links (5, 26) .
This research investigated the hypothesis that cardiac hypertrophy due to volume overload induces changes in myocardial mechanics and stiffness that are in part due to alterations in nonenzymatic AGE collagen cross-linking. Experimental rats developed volume-overload hypertrophy due to arteriovenous fistula (AVF). To test the dependence of nonenzymatic crosslinking on cardiac mechanics, we prevented the formation of AGE cross-links by administering AG to rats for 6 wk. We found that inhibition of AGE cross-links prevented some of the alterations in myocardial stiffness and passive mechanics associated with volume overload.
MATERIALS AND METHODS
Volume overload and drug administration. All studies were performed according to the National Institutes of Health Institute Guide for the Care and Use of Laboratory Animals, and all experimental protocols were reviewed and approved by the University of California-San Diego Animal Subjects Committee. Each rat was anesthetized via intraperitoneal injection (100 mg/kg ketamine HCl, 8 mg/kg xylazine, and 2 mg/kg morphine). Chronic volume overload was produced in 10-wk-old rats weighing ϳ300 g by creating an AVF between the aorta and vena cava in the abdomen (also termed an aortocaval fistula) (11) . The aorta and vena cava were isolated and exposed through a large abdominal incision (ϳ5.0 cm) under sterile conditions. They were crossclamped with clips posterior and anterior to the site of incision below the renal vessels. After an aortic incision, a fistula was created through the common wall by passing a microsurgical suture through the shared wall and resecting a small piece of the vessel. The aortic incision was sutured, and the clamps were removed. The mixture of arterial and venous blood in the vena cava was visualized to check for shunt patency. The visceral organs were restored, and the abdominal muscle and skin openings were surgically closed. This procedure increases the preload on the heart by increasing the filling volume and pressure and results in volume-overload hypertrophy. The chronic volume overload progressed over a 6-wk period. A comparative group of AVF rats were given the AGE inhibitor AG (25 mg ⅐ kg body wt Ϫ1 ⅐ day Ϫ1 ) in daily doses via intraperitoneal injections. Weight-matched rats were also included in the study as a control group.
Heart isolation. Rat hearts were excised and isolated 6 wk after the AVF surgery for mechanical testing and biochemical analysis. After anesthesia administration, the rats were ventilated with room air and ECG leads were inserted. A Millar catheter (1.4-Fr) was inserted through the carotid artery and advanced retrograde toward the heart and into the left ventricle (LV) to measure in vivo arterial and myocardial hemodynamics. The heart was then arrested and excised by opening the chest via thoracotomy and injecting cardioplegic arrest solution [4.0 g/l NaCl, 4.44 g/l KCl, 1.0 g/l NaHCO2, 2.0 g/l sucrose, 3.0 g/l 2,3-butanedione monoximine, and 1,000 units heparin (10 ml/l)] into the LV apex. The heart was immediately rinsed in cold cardioplegic solution, trimmed, and weighed.
Isolated heart inflation and data collection. The experimental rats were divided into two subgroups to investigate the mechanics of either the LV or the septum. The left atrium was trimmed, and a small pointed, flared tube was inserted and pushed through the apex of the LV to drain the ventricle. The heart was slowly perfused with an aortic cannula under low pressure with additional cardioplegic solution to flush the remaining blood. A balloon connected to a closed inflation system was placed in the LV (11) . The mechanics of the ventricle were recorded by passively inflating isolated hearts and recording the pressure-volume (P-V) and pressure-strain relations with video-imaged surface markers (11) (composed of titanium oxide; no. T8141, Sigma, St. Louis, MO). In the LV study group, these markers were placed on the epicardial LV free wall. Alternatively, in the septal study group, the right ventricular (RV) free wall was excised and markers were placed on the exposed septum. The hearts were kept moist during the studies. Pressure, volume, and timing signals were recorded online directly to a computer, and surface markers were imaged on videotape.
Strain and stress calculation. Deformation of the ventricle was analyzed by calculating the homogenous strain on the surface of the LV or septal wall. The methods are given in detail in previous publications (11) . Two-dimensional finite strain was computed during passive inflation either on the septal or LV free wall surface. The resulting strains, Eij, are the three independent components of the two-dimensional Lagrangian strain tensor referred to a zero-pressure state. The reference coordinate system is chosen to align with the long axis of the heart; thus E 11 represents circumferential strain, E22 represents longitudinal strain, and E12 represents in-plane shear strain.
Diastolic wall stress was calculated with an analytic model. The geometry was modeled as an axisymmetric truncated ellipsoid using a three-dimensional prolate spheroidal shell and dimensions measured from excised hearts. The reference state was the unloaded ventricle with a finite initial volume and zero pressure. P-V data and epicardial strain ratios were used to simulate the passive inflation of each rat heart. The average midwall circumferential (T 11) and longitudinal (T22) wall stresses were calculated with a Mirsky formulation for midwall stress in an ellipsoid (23) , where a and b are, respectively, the midwall semimajor and semiminor axes of the prolate ellipsoid, P is the pressure, and h is the wall thickness
Stress-strain data were fit with an exponential curve (T ϭ Ae kE , where A is the stress intercept at zero strain) for each rat in each direction, and the myocardial stiffness coefficient (k) was taken as the exponential coefficient of the fitted trend, which is the slope of the linearized stress-strain relation (28, 37) .
Measurement of AGE. AGE content was determined based on the fluorescence assay methods of Monnier et al. (24) and Jyothirmayi et al. (18) . First, frozen myocardial tissue was thawed and weighed. The tissue was minced and homogenized in 3 ml of PBS. The homogenate was then centrifuged (3,000 g for 20 min), and the pellet was washed in 3 ml of PBS. After two repetitions, the pellet was extracted in 2 ml of 0.5 M acetic acid overnight at 4°C. After being spun again, the precipitate was extracted in 2 ml of 1% pepsin in 0.5 M acetic acid overnight at 4°C. The pepsin extraction was performed three times. After the samples were spun, the remaining precipitate was extracted in 2 ml of a solution containing 0.05% proteinase K and 0.1% SDS overnight with low-speed shaking at 37°C. The sample precipitates were then extracted in 300 l of 0.05% collagenase VII (Sigma) in PBS. In addition, 1 l each of chloroform and toluene were added. These samples were incubated for 24 h at 37°C. The samples were centrifuged (1,000 g for 5 min), and the supernatant was removed for analysis. Three 40-l aliquots of the final supernatant were each diluted with 100 l of water for fluorescence measurement with a SPECTRAmax microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA). All fluorescence measures (370 nm excitation, 440 nm emission) were corrected by subtracting the blank collagenase VII sample fluorescence and averaged over the three readings. The remaining final supernatant was used for a colorimetric hydroxyproline measurement, after which AGE content was calculated as arbitrary fluorescence units per milligram of collagen, and then normalized to the average of control measurements for each group of samples.
Measurement of collagen content. Hydroxyproline concentration (a marker of collagen content) was determined by the colorimetric assay of Woessner (35) . The volume of the remaining supernatant or the mass of the lyophilized tissue was recorded and hydrolyzed in 20ϫ volumes of 6 N HCl and left overnight (18-24 h) in a heat block incubator (Fisher Scientific, Pittsburgh, PA) at 100°C. After being cooled in a dark place, the liquid sample was filtered into a 5-to 25-ml volumetric flask with Whatman no. 1 filter paper and brought to volume with methanol. A portion of the sample (1 ml) was placed in a porcelain dish and evaporated in a 60°C water bath. The dried sample was solubilized in 1 ml of methanol and then evaporated two more times. Dried samples were then resolubilized in 5-10 ml of water. After subsequent additions of 1 ml each of chloramine T solution, 3.15 M perchloric acid, and para-dimethylaminobenzaldehyde solution, each sample and five hydroxyproline standards were incubated in a water bath for 20 min. Hydroxyproline concentrations of the samples were calculated from the absorbance at a wavelength ϭ 557 nm and the computed hydroxyproline standard curve by a spectrophotometer (Beckman Coulter, Fullerton, CA). Collagen concentration was calculated by assuming that collagen weighs 7.25 times hydroxyproline and has a molecular weight of 300,000.
Measurement of hydroxylysyl pyridinoline cross-links. The remaining hydrolyzate from the hydroxyproline procedure was prepared for hydroxylysyl pyridinoline (HP) cross-link determination by following the methods of Skinner (31) . Briefly, the remaining hydrolyzate was concentrated on a rotoevaporator, suspended in a slurry of cellulose and mobile phase, and applied to a cellulose column. HP cross-links absorb into a cellulose bed and can be separated from other amino acids by washing with mobile phase. HP was eluted from the column with water and again concentrated on a rotoevaporator, and pyridoxamine hydrochloride was added as an internal standard. The degree of collagen cross-linking was assessed with the reverse-phase HPLC methods of Eyre et al. (12) . Pyridoxamine and HP were detected by fluorescence spectrophotometry (excitation 295 nm, emission 395 nm), and cross-link values are reported as moles of HP per mole of collagen.
Statistics. Results presented reflect means Ϯ SE per group. To test for significance between groups, one-or twoway ANOVA or ANOVA repeated-measures analysis was performed with Fisher's protected least-significant-difference post hoc comparisons.
RESULTS
Surgery statistics and body weights. Volume overload was successfully induced in 67% of the rats in the chronic study. The rats with closed fistulas at the time of postmortem inspection (33%) were discarded from the study. There was no difference in initial weight between AGϩAVF (303 Ϯ 5 g) and AVF (303 Ϯ 4 g) rats. AGϩAVF rats weighed less at the end of the 6-wk study (AGϩAVF 367 Ϯ 5 g, AVF 413 Ϯ 10 g; P Ͻ 0.01). Subsequently, AGϩAVF rats gained considerably less weight compared with AVF rats (AGϩAVF 21 Ϯ 2%, AVF 37 Ϯ 4%; P Ͻ 0.01).
Hypertrophy and geometry. The overall heart weightto-body weight ratio increased as expected because of chronic volume overload (Table 1 ; P Ͻ 0.01). Significant myocardial enlargement was observed in the LV, septum, and RV for both AVF groups compared with controls (Table 1) . Volume overload produced the greatest relative hypertrophy in the RV (76% larger than controls), followed by the LV (52%) and the septum (34%). AG did not alter the hypertrophic response of the RV, septum, or LV to AVF (Table 1) . Apex-tobase dimension increased in both groups after AVF, and the wall thickness-to-radius ratio decreased in both groups after AVF. However, wall thickness was similar among all three groups.
Hemodynamics. LV end-diastolic pressure more than doubled from control pressures in both AVF groups (control 2.0 Ϯ 0.2 mmHg, AVF 4.9 Ϯ 0.6 mmHg, AGϩAVF 6.3 Ϯ 0.7 mmHg; P Ͻ 0.01) and was also accompanied by an increase in peak systolic pressure (control 78.4 Ϯ 4.9 mmHg, AVF 90.4 Ϯ 4.4 mmHg, AGϩAVF 97.6 Ϯ 6.1 mmHg; P Ͻ 0.05). Pulse pressure measured in the aorta was nearly twice as large in AVF and AGϩAVF rats compared with controls (control 21.0 Ϯ 2.1 mmHg, AVF 39.2 Ϯ 1.4 mmHg, AGϩAVF 44.8 Ϯ 3.6 mmHg; P Ͻ 0.01). There was no effect of AG on hemodynamics between the AVF groups.
Collagen and cross-linking. Results of the collagen concentration analysis are shown in Table 2 . There was no difference in LV or septum collagen concentration among the three experimental groups. RV collagen concentration was similar between control and AVF tissue but reduced in AGϩAVF animals (P Ͻ 0.01). In all rats and groups, the RV contained the highest concentration of collagen, followed by the septum and then the LV (P Ͻ 0.01). Absolute values of total hydroxyproline are also included in Table 2 .
Two types of collagen cross-linking were measured. LV enzymatic cross-linking (HP cross-linking) was similar among the three groups (control 3.16 Ϯ 0.28 mol HP/mol collagen, AVF 2.95 Ϯ 0.39 mol HP/mol collagen, AGϩAVF 3.33 Ϯ 0.22 mol HP/mol collagen). However, the regional variation in nonenzymatic AGE cross-linking is illustrated in Fig. 1 . LV nonenzymatic AGE cross-linking was similar in all groups. However, the AVF-induced increase in septal AGE cross-links (P Ͻ 0.05 vs. controls) was prevented in the AGϩAVF group (P Ͻ 0.01 vs. AVF). RV AGE cross-links (data not shown) were slightly elevated in AVF hearts, but AGE accumulation was significantly reduced by AG treatment (P Ͻ 0.01 vs. AVF, P Ͻ 0.05 vs. control).
P-V curves. AVF and AGϩAVF hearts exhibited LV P-V curves that were significantly shifted to the right of controls ( Fig. 2 ; P Ͻ 0.01), depicting their larger LV volumes. There was no difference between nontreated AVF and AG-treated AVF hearts with respect to their diastolic P-V characteristics.
Stress, strain, and stiffness. Because the P-V curves represent global ventricular mechanics but the biochemical analysis showed alterations in AGE crosslinks only on the septal wall, we measured pressurestrain relations during passive LV filling on the RV surface of the septum (Fig. 3 ). AVF surgery with or without AG treatment had no statistically significant effect compared with hearts of sham-operated rats on the relationship between pressure and strain in the circumferential, longitudinal, or shear directions on the septal wall.
Because P-V and pressure-strain relations reflect the combined effects of changes in ventricular geometry and material properties, we used regional parameters (geometry, pressure, and strains) measured on the septum and LV free wall to estimate local stress-strain relations. Passive septal circumferential (T 11 -E 11 ) stress-strain curves exhibited significant differences among all three groups (Fig. 4) . AGϩAVF curves were shifted to the right of control curves. However, AVF stress-strain curves fell between the other two groups and exhibited greater stiffness coefficients (Table 3 ; P Ͻ 0.01). Analysis of septal longitudinal (T 22 -E 22 ) stress-strain curves showed that the AVF group exhibited a larger longitudinal stiffness coefficient (P Ͻ 0.01). The circumferential myocardial stiffness coefficient was increased in AVF rats compared with controls and attenuated in the AGϩAVF group (Table 3) . Likewise, longitudinal septal stiffness mirrored the trends in T 22 curves, but these changes in longitudinal compliance were not statistically significant. Septal T 11 -E 11 curves had larger initial linear slopes in the control group compared with the AVF and AGϩAVF groups (P Ͻ 0.01), possibly because of AVF-induced structural remodeling that reduced circumferential compliance at low loads.
In contrast to LV longitudinal stiffness, LV circumferential myocardial stiffness was unaffected by AVF or AG treatment ( Table 3 ). The longitudinal stiffness coefficient in the LV free wall was significantly increased in AVF rats compared with controls, and this change in myocardial compliance was almost completely prevented in AGϩAVF hearts (P Ͻ 0.05; Table  3 ). There was no difference in initial linear slopes of LV stress-strain curves.
DISCUSSION

Summary of results.
The purpose of this study was to investigate the hypothesis that nonenzymatic AGE col- lagen cross-links play a role in mediating myocardial stiffness in volume-overload hypertrophy in rats. Specifically, we postulated that inhibition of AGE crosslinks would prevent decreases in compliance of the LV and septum in rats with volume overload. The main findings of this study are that 1) volume overload appears to induce regional upregulation of AGE crosslinking in the septum without modifying collagen concentration; 2) concomitant increases in regional tissue stiffness in the septum may be a result of these increased cross-links; and 3) inhibition of AGE formation by AG prevented alterations in myocardial compliance. Thus it appears that nonenzymatic AGE cross-links are at least partly responsible for increased myocardial stiffness in volume-overload hypertrophy induced by AVF.
Collagen and cross-linking in volume overload. Collagen concentration values in volume overload were similar to those previously published for rats (11, 25) . AG treatment (AGϩAVF group) had no effect on collagen concentration in the LV and septum but did reduce collagen in the RV. This modification of RV collagen may be due to the fact that the RV sustains a large portion of the increased loading due to the overload and Fig. 4 . Diastolic stress-strain curves from the septal wall. The AVF circumferential stress-strain (T11-E11) curve (A) is significantly steeper (P Ͻ 0.01) and modestly shifted compared with the control curve. AGϩAVF curves were also shifted (P Ͻ 0.05) but exhibited a shape similar to that of control curves. Longitudinal stress-strain (T22-E22) values (B) were consistent among all groups, but AVF curves were again significantly steeper than both control and AGϩAVF curves (P Ͻ 0.05). thus undergoes more extensive ECM remodeling. This augmented RV remodeling is also evident in the fact that the RV exhibited the largest relative hypertrophy in both AVF groups.
AGE cross-linking was significantly increased in the septum and modestly elevated in the RV but did not change in the LV. This heterogeneous cross-link remodeling may be due to the regional variation in loading experienced in the heart because of AVF-induced volume-overload hypertrophy. Although accumulation of AGE is usually associated with prolonged exposure to hyperglycemic conditions such as diabetes or aging, other studies have observed AGE cross-link changes stimulated by altered hemodynamic loading in euglycemic conditions. For example, Norton and colleagues (28) concluded that alterations in collagen cross-links were responsible for the stiff myocardium associated with hypertension in spontaneously hypertensive rats when treatment increased collagen solubility (an indication of reduced cross-links) and diminished myocardial stiffness without modifying collagen concentration.
Hypertrophy and remodeling. Our results suggest that AG did not affect global or regional hypertrophy compared with that in nontreated AVF rats. Previous chronic studies reported mixed results concerning the effect of AG on heart weight or the heart weight-tobody weight ratio in rats (9, 20, 27) . This variation may be due to dosage, length of exposure, or additional cardiac assaults in the rats. Our results also showed that AG had no effect on dilation or wall thinning compared with those in nontreated AVF rats. However, AGϩAVF weight gain was considerably impaired over the 6-wk study compared with that in nontreated AVF rats and may have influenced the calculated weight ratios.
Influence of cross-linking on cardiac mechanics. Previous studies demonstrated that myocardial compliance is altered by AGE cross-linking. Diabetes produced increased myocardial stiffness and AGE accumulation in rats; however, both stiffness and AGE were inhibited with the administration of AG (27) . Likewise, in diabetic dogs, elevated AGE accompanied increased LV chamber stiffness but drug administration with either AG (2) or metformin (18) prevented AGE formation and consequently decreased chamber stiffness.
In our study, AGE cross-linking appears to play a role in determining cardiac mechanics as evidenced by the alterations in myocardial stress, strain, and stiffness that occur because of changes in cross-linking. Passive P-V characteristics in rats with volume overload were not altered because of the inhibition of AGE cross-links. On the basis of the regional measures of ECM structure and function made in the present study, it is not surprising that the P-V curves were not sensitive to local changes in ECM or passive mechanics. Because P-V curves represent a global description of ventricular mechanics, local changes in structure and function may not be reflected in measures of global passive properties.
LV circumferential strain was significantly increased in AVF rats compared with controls, but this increase was completely prevented with cross-link inhibition (data not shown). These changes in mechanics do not appear, at first glance, to be associated with cross-linking because AGE cross-links were unchanged in the LV free wall. However, the changes in septal compliance may explain changes observed in the LV free wall. For example, in AVF rats, the increase in circumferential septal stiffness may cause the increased distension of the LV free wall (evidenced by elevated E 11 strains) as a compensatory reaction to the volume overload. Moreover, circumferential septal stiffness returns to normal with AG treatment, as does the E 11 strain in the LV free wall in AGϩAVF rats. The changes in septal and LV mechanics with the onset of volume overload and the reactions to cross-link inhibition demonstrate both the local and regional compensatory interactions that occur in the heart.
There was a significant reduction in AGE crosslinking, along with a modest decrease in longitudinal stiffness (P ϭ 0.06), in the septum of AGϩAVF rats compared with the AVF group. Volume overload increased LV longitudinal stiffness in AVF rats, and this change in compliance was also prevented by AG treatment. However, there was no change in AGE crosslinks in the LV, so this effect appears to be due to the mechanical interaction of the other regions of the heart, namely, the septum, in a manner similar to that described above.
Regional mechanics and ECM. Volume overload appears to regionally modify the loading on the heart and produce dissimilar remodeling responses throughout the myocardial tissue and ECM. For example, previous studies reported changes in tension development and relaxation that occurred in RV papillary muscles, but not in LV muscles, from rats with volume overload (22) . It is well known that RV and LV filling affect the pressure and compliance of the other ventricle in normal and diseased states (30, 33) . This LV-RV interaction may be largely dependent on septal stiffness (13) . However, abnormal loading in the heart can change septal, as well as ventricular, mechanics (30) . In clinical hypertrophic cardiomyopathy, diastolic septal stiffness was found to be slightly higher than that of the LV posterior wall (4). In addition, aortic regurgitation resulted in LV volume overload and regional ischemia that produced septal hypertrophy and increased metabolism that was in response to greater stress development in the septum compared with the LV (10) .
Regional changes in mechanics may be due to regional remodeling of the ECM. Echocardiography showed that patients with hypertrophy exhibited abnormal motion in the septum and posterior wall and that these regional abnormalities were strongly associated with altered myocardial properties most likely due to the ECM (29). Spinale and colleagues (32) observed regional differences in collagen extractability within the normal LV free wall and regional variations in cross-link remodeling during the progression and regression of tachycardia-induced cardiomyopathy.
Therefore, the heterogeneous response of AGE crosslinks and myocardial remodeling reported in this study agree with previous observations of regional remodeling and support the hypothesis that altered loading in the heart initiates local myocardial and ECM remodeling that subsequently modifies regional mechanics, such as strain and wall stress, in a nonhomogeneous manner.
Actions of AG on hemodynamics. AG treatment did not change hemodynamic parameters from those in nontreated AVF rats. In general, the influence of AG on the cardiovascular system may be complicated because two of its targets generate contrasting effects on hemodynamics, namely, collagen cross-links, which may stiffen cardiovascular tissue, and nitric oxide (NO), which acts as a vasorelaxant. AG inhibition of the enzyme inducible nitric oxide synthase could theoretically prevent NO from contributing beneficial effects on hemodynamics. In fact, there is growing evidence that AG does not affect parameters associated with this type of NO activity and actually may improve hemodynamic parameters itself (7, 16) .
Study limitations. The results of this study are subject to some limitations. An analysis of RV mechanics was not obtained, and this prevented a complete investigation of AGE cross-linking influence in volume-overload hypertrophy. The experimental and computational difficulties of obtaining RV stresses hindered this analysis. Stress in the LV and septum was calculated as average wall stress based on an analytic model using a symmetric prolate ellipsoid. Factors such as residual stress were not included in this simple model analysis, and they could play a role in altering the values of calculated wall stress.
There was no control group of animals treated only with AG in this study; however, others have already published such results. Previous chronic studies of 4, 6, and 18 mo reported no changes in body weight, kidney weight, mortality, aortic collagen and elastin content, myocardial hydroxyproline concentration, or myocardial collagen fluorescence between normal and AGtreated rats (9, 20, 27) . More importantly, these same studies observed no difference in mean blood pressure, systolic and diastolic pressure, cardiac output, heart rate, and, most notably, LV elastic stiffness. However, inconsistent results were reported in regard to changes in heart weight, LV weight, and the heart weight-tobody weight ratio, as mentioned above.
Another limitation was the lack of blood glucose data, which prohibited a thorough description of the glycemic conditions present in the experimental animals and impeded identification of a possible candidate for AGE stimulation. Statistical strength of the data analyses, in general, was weakened because of the modest number of animals in the experimental groups. Finally, there were no sham-operated animals, and therefore any effect of the surgery and long-term housing compared with chronic AVF rats could not be accounted for.
In conclusion, this study provides a description of regional collagen and AGE cross-linking composition in volume-overload hypertrophy. We investigated the hypothesis that regional variations in passive myocardial mechanics are modulated by changes in local collagen cross-linking. Specifically, we postulated that the inhibition of nonenzymatic AGE cross-links would prevent changes in diastolic mechanics and myocardial stiffness due to volume-overload hypertrophy. Our results show that volume overload appears to induce heterogeneous alterations in AGE formation and myocardial stiffness in the myocardium. Furthermore, inhibition of AGE formation by AG in rats with volume overload prevented these decreases in myocardial compliance. Thus it appears that nonenzymatic AGE crosslinks are at least partly responsible for increased myocardial stiffness in volume-overload hypertrophy.
